Abstract. Lymphatic vessels are a part of the circulatory system that collect plasma and other substances that have leaked from the capillaries into interstitial fluid (lymph) and transport lymph back to the circulatory system. Since lymph is transparent, lymphatic vessels appear as dark hallow vessel-like regions in optical coherence tomography (OCT) cross sectional images. We propose an automatic method to segment lymphatic vessel lumen from OCT structural cross sections using eigenvalues of Hessian filters. Compared to the existing method based on intensity threshold, Hessian filters are more selective on vessel shape and less sensitive to intensity variations and noise. Using this segmentation technique along with optical micro-angiography allows label-free noninvasive simultaneous visualization of blood and lymphatic vessels in vivo. Lymphatic vessels play an important role in cancer, immune system response, inflammatory disease, wound healing and tissue regeneration. Development of imaging techniques and visualization tools for lymphatic vessels is valuable in understanding the mechanisms and studying therapeutic methods in related disease and tissue response.
Introduction
The circulatory network in mammals is composed of a cardiovascular and lymphatic system responsible for delivering oxygen, nutrition, immune cells, and hormones to tissue and collecting waste materials from cells within living organs. These compounds are exchanged with cells via capillary beds where, due to the high blood pressure at arterioles, some part of plasma leaks into the interstitial space. After the exchange, the protein-rich interstitial fluid (lymph) is collected and returned back to the circulatory system by the lymphatic system. The lymphatic system consists of unidirectional, thin-walled capillaries, and a larger vessel network that drains lymph fluid from extracellular spaces within organs into larger collecting ducts. Finally, lymph is returned to venous circulation through the thoracic duct. The lymphatic system also includes lymphoid organs such as lymph nodes, tonsils, Peyer's patches, spleen, and thymus which play a crucial part in immune response. The lymphatic system usually develops in parallel to the blood vessels in the skin and in most internal organs and is not present in the central nervous system, bone marrow, and avascular structures such as cartilage, epidermis, and cornea. Besides draining lymph fluid from extracellular spaces, other roles of the lymphatic system include absorbing lipids from the intestinal tract, maintaining the fluid hemostasis and transporting antigen-presenting cells and leukocytes to lymphoid organs. Also, the lymphatic system plays an important role in the development of several diseases such as cancer, lymphedema, and some inflammatory conditions. 1, 2 Although lymphatic vessels were first described in the early 17th century, they have been termed the forgotten circulation 3 because their role and function was mostly ignored due to the lack of monitoring and imaging techniques. Several contrast-enhanced and labeled image modalities and imaging techniques including X-ray, computed tomography (CT), magnetic resonance imaging (MRI), ultrasound, and optical imaging have been used in clinical and animal studies for noninvasive and direct lymphatic imaging. In lymphangiography, an iodinated contrast agent such as blue dye, 4 Iotasul (Schering AG, Berlin, Germany) 5 or Iopamidol (Nihon Schering, Osaka, Japan) 6 is either injected directly into a lymph vessel or indirectly into intradermal area for X-ray or CT. Although CT scans differentiated iodine concentration and lymph node morphology in normal and malignant lymph node, their application was limited due to their fast drainage from blood vessels that limited the imaging time in clinic. More recent development of bismuth sulfide nanoparticles CT agents with longer circulating half-life addressed some of the problems while their long-term toxicity is a major concern. Lymphoscintigraphy with 99m-technetium (TC-99m) is the most common nuclear method of imaging the lymphatics that enables visualization of the lymphatic network using single-photon emission computer tomography (SPECT). tomography with beta-emitting isotopes (18-F-fluro-2-deoxy-Dglucose, FDG) provides higher sensitivity specifically when combined with CT for better spatial resolution. 10 MRI, unlike nuclear imaging techniques, does not require ionizing radiation exposure. MR lymphangiography is performed by intravenous or interstitial injection of gadolinium-labeled diethylene-triaminepentaacetic acid (Gd-DTPA), Gd dendrimetrs or liposomes and iron oxide particles. [11] [12] [13] Flourescence microlymphangiography is an optical imaging technique based on absorption of light in the visible or near-infrared (NIR) region by utilizing intradermal, subcutaneous, or intravenous injection of fluorescein contrast agents 14, 15 such as indocyanin-green (IC-Green) 16 and fluorophore 17 to map lymphatic vasculature. Also, molecular staining of lymph endothelium has been made possible by the discovery of lymph-specific molecular markers such as Prox-1, lymph endothelial-specific hyaluronan receptor 7 (LYVE-1), 18 and vascular endothelial growth factor receptor 3 (Vegfr3) 19 that were extensively used for imaging lymphatic vessels in development, wound healing, inflammation, and tumor metastasis. 20 Very recently, Kalchenko et al. 21 developed a label-free laser-speckle imaging technique for simultaneous visualization of blood and lymphatic vessels in the external mouse ear tissue. The origin of the observed lymph vessels was confirmed by intradermal injection of Dextran-FITC (0.5 M 10 mg∕ml) into the tissue followed by imaging using a multimodal imaging system. 22 Optical coherence tomography (OCT) has been widely used to noninvasively provide high-resolution, depth-resolved cross sectional and three-dimensional (3-D) images of highly scattering samples. [23] [24] [25] More recently, spectral-domain OCT and swept-source OCT imaging have been developed where these frequency-domain OCT (FD-OCT) methods have advantages over time-domain ones in terms of acquisition speed, sensitivity, and signal-to-noise ratio (SNR). 26, 27 In order to compensate for the complex conjugate ambiguity and acquisition speed which limited the practical applications of FD-OCT, real-time in vivo full-range complex FD-OCT has been developed to increase the ranging distance in the sample. 28, 29 OCT functional and hemodynamic information can be acquired in addition to the structure. Optical micro-angiography (OMAG) is a label-free noninvasive imaging and processing method used to obtain 3-D blood perfusion map in microcirculatory tissue beds in vivo using FD-OCT. 30, 31 Ultrahigh-sensitive OMAG (UHS-OMAG) is a variation of OMAG technique, capable of imaging microvasculature down to capillary level, in which data acquisition is based on repeated B-scan (frame) acquisition at the same spatial location, 32, 33 and then separating static scatterers (e.g., structure tissue) and dynamic scatterers (e.g., moving red blood cells within patent vessels) by the use of magnitude subtraction, 34 phase-compensated subtraction, 35 or eigendecomposition-(ED-) based 36 OMAG algorithms. By synergistically utilizing both the amplitude and phase information of complex OCT signals, the OMAG technique is sensitive to both the axial and transverse blood flows, providing blood flow map of small vessels and capillaries as well as larger vessels. UHS-OMAG has been applied to visualize blood perfusion and micro-vasculature map in various living tissue samples such as retina, 37, 38 cerebral, 39 renal microcirculation, 40 and skin. 41 Hemodynamic quantification can be extremely useful in cancer, stroke, and some other diseases which involve vasculature.
Since the lymph fluid is clear and transparent, lymphatic vessels appear as reduced scattering vessel-like areas in OCT structure cross section images. The origin of these low scattering transparent vessel-like structures has already been verified as lymph vessels by injecting Evan's blue dye injection into the tissue and observing the uptake path by lymphatic vessels. 42 These vessels can be visualized by applying a lower threshold on the intensity image. [42] [43] [44] However, the intensity-threshold technique does not take the physical shape of the vessels into account. Also, it is not robust to intensity variations and noise caused by speckle and light absorption in the structure. These limitations increase the chances of segmentation error and false alarms in identifying lymphatic vessels. In this paper, we propose an automatic filtering technique and vesselness model based on Hessian multi-scale vesselness filters 45 for segmenting lymphatic vessel in OCT structure images. Hessian filters estimate tubular and vessel-like structures and the multiscale approach allowed segmenting vessels with different size. Although similar techniques have been used in segmenting blood vessels in other image modalities such as MRI 46 and CT, 47 to the best of our knowledge, this is the first time that a systematic segmentation approach is presented to identify lymphatic vessels in OCT structure images. The advantage of using OCT over other image modalities is that it allows 3-D label-free noninvasive simultaneous imaging structure, blood vessels, and lymphatics.
Proposed Method

Problem Formulation
The local behavior of an image Iðx; sÞ at scale s and location x can be expressed by its Taylor series expansion up to second order given by Iðx þ δx; sÞ ≈ Iðx; sÞ þ δx T ∇ðIÞ s þ δx T HðIÞ s δx;
(1)
where ∇ð:Þ s and Hð:Þ s are the gradient vector and Hessian matrix of the image at scale s, respectively. Since our volume cross section images are discrete signals, finding their 2-D firstorder and second-order derivatives can be ill-posed. Using the concepts of linear scale space theory, differentiation can be defined as a convolution with derivatives of a Gaussian:
where γ is the derivative normalization parameter and
and k:k is the Euclidean norm operation. The second-order derivative can be expressed as
Gðx; sÞ:
By analyzing the eigenvalues and eigenvectors of the Hessian matrix, the principal direction of the local structure can be extracted, which is the direction of the smallest curvature (along the vessel). By definition, the eigenvalues and vectors of the Hessian matrix are given by solving the following equations: H S e s;i ¼ λ s;i e s;i ;
where λ s;i is the i'th eigenvalue at scale s corresponding to normalized eigenvector e s;i and (jλ 3 j ≤ jλ 2 j ≤ jλ 1 j) for a 3-D structure.
For an ideal tubular structure, the following conditions hold:
Based on the second-order ellipsoid, two geometric ratios are defined
and
The first ratio (R B ) accounts for the deviation from a bloblike structure but cannot distinguish between a line-like and a plate-like pattern. The second ratio refers to the largest cross section area of the ellipsoid that can distinguish between platelike and line-like structures since it is zero in the latter case.
In order to distinguish background noise where no structure is present, Frobenius matrix norm is utilized. This measure is derived from eigenvalues of Hessian matrix by
where D is the dimension of the image. This measure will be low in the background where no structure is present and the eigenvalues are small for the lack of contrast. In regions with high contrast compared to the background, the norm will become larger since at least one of the eigenvalues will be large.
The vesselness function at scale s is defined as
where α, β, and θ are thresholds which control the sensitivity of the line filter to the measures R A , R B , and R C . The idea behind this expression is to map the features into probability-like estimates of vesselness according to different criteria. The vesselness measure is analyzed at different scales. The response of the line filter will be maximum at a scale that approximately matches the vessel size:
where s min and s max are lower and upper bound in the range of scale (vessel sizes). The vesselness measure for 2-D images (cross section) which follows directly from the same reasoning as in 3-D, is given by
where
. Although, this measure cannot distinguish between plate-like and line-like structures, its implementation is more efficient and processing time is much faster than the 3-D measure. Therefore, we employ this measure for segmenting lymphatic vessels from OCT structure cross sections. The Appendix contains the implementation detail of the proposed algorithm.
Cylindrical Circular Model with Gaussian Cross Section
For a better demonstration of the model, we calculated the eigenvalues of the Hessian matrix for an ideal vessel structure shown in Fig. 1 , which is a circular cylinder model with Gaussian-like intensity profile at the cross section. Basically, the model is a cylinder-shaped vessel with a Gaussian intensity profile at its cross section given by 
where x, y, and z are Cartesian coordinates, σ 0 is Gaussian parameter, and C is a normalization factor. Therefore, the Hessian matrix of the shape structure is given by
Eigenvalues and eigenvectors of the Hessian matrix are 
that can be generalized to Eqs. (6)- (8) for an ideal tubular structure.
Experimental Results and Discussions
System Setup and Animal Preparation
To demonstrate the feasibility of our segmentation method, we used an OMAG imaging system to acquire the microvasculatural images within tissue beds in vivo, on which the algorithm is tested. The schematic of the OMAG/OCT imaging system is shown in Fig. 2(a) , in which we used a superluminescent diode (SLD) with the center wavelength of 1310 nm and bandwidth of 65 nm, delivering an axial resolution of ∼12 μm in the air. An optical circulator was used to couple the light from the SLD into fiber-based Michelson interferometer. In the reference arm of the interferometer, a stationary mirror was utilized after polarization controller. In the sample arm of the interferometer, a microscopy objective lens with 18-mm focal length was used to achieve ∼5.8 μm lateral resolution. Then, a 2 × 2 optical fiber coupler was utilized to recombine the backscattered light from the sample and the reflected light from the reference mirror. Since the wavelength of the light source is invisible to the human eye, a 633-nm laser diode was used as a guiding beam to locate the imaging position. This reference helps to adjust the sample under the OMAG/OCT system and image the desired location. The recombined light was then routed to a home-built high-speed spectrometer via the optical circulator. The camera in the spectrometer had a line scan rate of 47; 000 lines∕s. The spectral resolution of the designed spectrometer was ∼0.141 nm that provided a detectable depth range of ∼3.0 mm on each side of the zero-delay line. The measured SNR of the system was ∼105 dB with a light power on the sample at ∼3 mW.
Noninvasive in vivo images were acquired from the pinna of a healthy ∼6-weeks-old-male hairless mouse weighing approximately 25 g. During the experiment, the mouse was anesthetized using 2% isoflurance (0.2 L∕ min O 2 , 0.8 L∕ min air). The ear was kept flat on a microscope glass using a removable double-sided tape. The experimental protocol was in compliance with federal guidelines for care and handling of small rodents and approved by the Institution Animal Care and Use Committee of the University of Washington, Seattle. Figure 2(b) shows a photograph of a mouse ear pinna taken by a digital camera, in which the area marked by the rectangular box gives a typical field of view and scanning range for OMAG/OCT system, which is 2.2 × 2.2 mm 2 in the current setup. In order to scan a larger field on the ear, we used a mechanical translating stage to move the tissue sample to the desired location and after acquisition and processing, the mosaics were stitched together to form a larger image. The scanning protocol was based on 3-D UHS-OMAG technique. 32, 33 The x-scanner (fast B-scan) was driven with a saw tooth waveform and the y-scanner (slow C-scan) was driven with a step function waveform. The fast and slow scanners covered a rectangular area of ∼2.2 × 2.2 mm 2 on the sample. Each B-scan consisted of 400 A-lines covering a range of ∼2.2 mm on the sample. The C-scan (3-D scan) consisted of 400 scan locations with a B-scan repetition of 8 frames/location for flow imaging and quantification. The total size of the data set was 1.28 × 10 6 A-lines. In order to cover a large field of view, multiple 3-D scan were acquired and the sample was translated using a mechanical stage. This allowed imaging an area of ∼1.5 × 1.5 cm 2 on the mouse ear pinna.
After pre-processing of the captured raw data to remove the autocorrelation artifacts, 48 the data was then processed off-line using MATLAB© (MathWorks) which processed repeated B-scans at the same spatial location and generated a cross sectional blood flow perfusion map using ED-based filtering technique. 36 Each structure cross section structure frame was processed using the proposed Hessian filter and the lymphatic vessels between stratum corneum and cartilage were segmented. Then, the adjacent cross sections were visualized in a volumetric formation to show 3-D information and vessel map. The main assumption about lymphatic vessels in the OCT structure image is their low scattering property due to the transparency of lymph fluid. Therefore, shadows below vessels, attenuation, and absorption in the ear tissue can influence the segmentation performance. In order to alleviate these problems, we performed shadow removal and contrast enhancement based on Girard et al. 49 in the pre-processing step. Figure 3 (a)-3(c) shows blood vessels, lymphatic vessels and structure cross section images of a selected location on the ear, respectively. Figure 3(d)-3(f) shows the volumetric blood vessels and lymphatic vessels map, respectively. The lymphatic vessels are coded by green color and blood flow perfusion is coded with orange. By combining blood flow perfusion and lymphatic vessels from Fig. 3(d) and 3(e), Fig. 3(f) is generated that shows 3-D complications of the circulatory system.
Application of Imaging Lymph Vessels In Vivo
In general, segmentation and visualization of lymphatic vessels depend on the resolution and quality of captured structure images. The typical size of lymphatic capillaries in a normal mouse ear is <10 μm and falls below the spatial resolution of our system. However, lymphatic vessels tend to enlarge in response to injury and can be detected with our system. In order to observe the capability of our segmentation method, we created a biopsy punch wound on the mouse ear and monitored the dynamics and healing process of lymphatic and blood vessels around the wound. 50 Although no significant lymph was detected on the baseline image due to the limitation of the spatial resolution, immediately after inducing the punch the lymphatic vessels were significantly enlarged around the wound and in the downstream tissue. Figure 4(a)-4(d) shows the process of vasculature remodeling and lymphatic vessel response to the wound. Each image is composed of 9 OCT-OMAG mosaics acquired around the wound area. Blood vessels are orangecoded and lymphatic vessels were color-coded with green. The peak activity of lymphatic vessel enlargement was observed around ∼1 week after inducing the wound. This observation is in agreement with the wound healing phases during the inflammatory phase. 20, 51, 52 The immediate response of lymphatic vessels after inducing the punch [ Fig. 4(a) ] was mainly concentrated around the wound, collaterals, and downstream of the injured vessels. However, the size of the lymphatic vessels had significantly increased after 1 week [ Fig. 4(b) ] and it was not only around the wound, but also at farther locations on the ear. Then, the size and distribution of lymphatic vessels reduced on Day 15 and Day 22 [ Fig. 4(c) and 4(d) , respectively] and was mainly around the wound area, probably due to inflammation. Wound healing and tissue regeneration are associated with angiogenesis. Angiogenesis can be observed starting on Day 8, where a new capillary network is formed around the wound area in the form of macrophage and eventually matures in the form of new vessels inside the wound. 
Quantification of Vessel Diameter and Vessel Area Density
In order to quantify the lymphatic vessel response to biopsy punch, two parameters were measured. 1-Lymphatic vessel area density (LVAD) was defined as the area of the segmented lymphatic vessels in the projection view divided by the area of the ear given by LVAD ¼ Total area of the lymphatic vessels Total area of the ear .
2-Lymphatic vessel diameter (LVD) was quantified using Euclidean distance transform (EDT) of the binarized lymphatic vessel en-face projection map. 53 The EDT of each pixel in a binary image measures the Euclidean distance between that pixel and the nearest nonzero pixel element of that image. First, the lymphatic vessel map was binarized above a threshold. Then, the vessel centerline was extracted by skeletonizing the binary vessel map. Finally, the distance transform of the intensity-inverted lymphatic vessel map was estimated at each vessel centerline pixel. EDT at the vessel centerline is an estimate of the vessel diameter.
For each imaging time point after inducing the biopsy punch, LVAD, mean value, and standard deviation of LVD were calculated. The measured LVAD and LVD values are given in Table 1 which is congruent with the results of Fig. 4 . The lymphatic vessel response was observed immediately after creating the wound. Peak LVAD and LVD were observed on Day 8 and eventually at Day 22 they decreased below values of Day 1.
Note that our main assumption about the lymphatic vessel is that its lumen is of transparency and tubular vessel-like structure. The quality of observed lymphatic vessel lumen on OCT structure image highly depends on the system resolution and speckle noise. This causes estimation errors in the process, limiting the sensitivity of OCT system to pick up small lymphatic vessels. By increasing the system resolution and reducing speckle noise, the system sensitivity to image lymphatic vessels will increase. In this paper, we mainly focused on a segmentation technique that allows for segmentation of such structures. The current OCT setup limits the minimum detectable lymph structures to its spatial resolution. Of course, detecting smaller lymph capillaries requires a higher-resolution OCT system and an approach to efficiently reduce the speckle noise. Hence, the parameters (LVAD and LVD) only provide the quantification of the detectable lymphatic vessels with our system, leading to a biased estimation. We should also note that lymph flow is very irregular and the observed phenomenon regarding enlargement of lymphatic vessels after injury and their remodeling over time, although repeatedly observed in different mice models, came along with some complications that are beyond the scope of this paper. We have repeatedly observed that immediately after inducing a wound on mice ear pinna, some lymphatic vessels that were not obvious in the baseline image enlarged and after a couple of weeks, some enlarged vessels were always present. However, the understanding of remodeling and lymph flow inside these structures requires further research efforts. Again, this study demonstrates the usefulness of proposed method in the study of a skin wound. Although very promising, the detailed study of the microvascular and lymphatic responses to the wound is, however, outside the scope of this study.
Comparison with Intensity-Threshold Method
In comparison to the intensity-threshold method, Hessian filters are more robust to the noise and intensity variations in the OCT structure image. Also, Hessian filters take the physical appearance of the structure and quantify the closeness to a tubular structure. Figure 5 shows the comparison between the Hessian vesselness filter and the intensity-threshold method. Figure 5 (a) and 5(d) shows structure cross sections with visible lymphatic vessels. Figure 5 (b) and 5(e) shows lymphatic vessel segmented based on Hessian vesselness filters on the structure images and Fig. 5(c) and 5(f) shows the segmentation results using the intensity threshold on the structure images of Fig. 5(a) and 5(d) , respectively. Due to their segmentation nature, the Hessian vesselness method produced smoother vessel lumens and was more sensitive to vessel shape while the intensity-threshold method had no sensitivity to the vessel shape and size (red pointers). It can be observed that the intensity-threshold method is less robust to noise and the threshold parameters and gray-level values at the vessel lumen and can significantly influence the shape of the segmented vessels. Also, the shadows below the blood vessels can produce false alarms (yellow and cyan pointers). Therefore, segmenting lymphatic vessels using intensity-threshold segmentation requires an extra step to manually remove noisy areas while the Hessian-based method can be used as an automated step without the need of manual segmentation.
Conclusions
In this paper, we propose an automatic filtering technique and vesselness model based on Hessian multi-scale vesselness filters for segmenting lymphatic vessel in OCT structure images. Hessian filters estimate tubular and vessel-like structures and the multi-scale approach allowed segmenting vessels with different sizes. The use of this segmentation technique along with OMAG allows label-free noninvasive, concurrent visualization of blood and lymphatic vessels in vivo. In comparison to the existing method based on intensity threshold, Hessian filters are more robust to the noise and intensity variations in the OCT structure image. Also, Hessian filters take the physical appearance of the structure and quantify the closeness to a tubular structure. In order to observe the capability of our segmentation method, we created a biopsy punch wound on the mouse ear and monitored the dynamics and healing process of lymphatic and blood vessels around the wound. Although no significant lymph was detected on the baseline image, immediately after inducing the punch, the lymphatic vessels were significantly enlarged around the wound and in the downstream tissue. In order to quantify the lymphatic vessel response to biopsy punch, two parameters were measured: LVAD and LVD. The lymphatic vessel response was observed immediately after creating the wound. Peak LVAD and LVD were observed on Day 8 and eventually at Day 22 they decreased below values of Day 1.
Lymphatic vessels play an important role in cancer, immune system response, inflammatory disease, wound healing, and tissue regeneration. Development of imaging techniques and visualization tools for lymphatic vessels is valuable in understanding the mechanisms and studying therapeutic methods in related disease and tissue response. Up to now, due to the lack of label-free noninvasive imaging techniques, lymphatic vessels have been ignored and their behavior in the disease and their response to treatment methods is not very well understood. Label-free noninvasive imaging and segmentation of lymphatic vessels as proposed here may be useful in different applications such as dermatology, cosmetic and beauty, cancer, wound healing, and infectious diseases that the lymphatic system plays an important role in delivering immune response and draining waste. The observed lymphatic vessels on the structure images are directly related to the resolution of the system. By increasing the system resolution, smaller lymphatic vessels and capillaries could also be observed and eventually segmented using our proposed method. ) requires division by λ 2 , the corresponding matrix has to be replaced with a small epsilon value to avoid division by zero. We typically utilized scale values ranging s ¼ ½0.5∶0.5∶10 and masked out the segmented vessels with s < 1. However, depending on the vessel sizes of interest, these parameters can be modified. Also, the normalization factors of Eq. (14) were experimentally tested to work best when set to β ¼ 5 and θ ¼ 0.45.
